An algorithm for estimation of vehicle yaw rate and side slip angle using steering wheel angle, wheel speed, and lateral acceleration sensors is proposed. It is intended for application in vehicle stability enhancement systems, which use controlled brakes or steering. The algorithm first generates two initial estimates of yaw rate from wheel speeds and from lateral acceleration. A new estimate is subsequently calculated as a weighted average of the two initial ones, with the weights proportional to confidence levels in each estimate. This preliminary estimate is fed into a closed loop nonlinear observer, which generates the final estimate of yaw rate along with estimates of lateral velocity and side slip angle. Parameters of the observer depend on the estimated surface coefficient of adhesion, thus providing adaptation to changes in road surface coefficient of adhesion. Performance of the algorithm is evaluated using vehicle test data involving representative maneuvers performed on various road surfaces.
INTRODUCTION
In order to maintain safe handling characteristics of vehicles, designers strive to maintain consistent, predictable vehicle response to driver steering inputs in the entire range of operation. Unfortunately, because of the particular shape of the tire lateral force characteristics, there exist two profoundly distinct kinds of vehicle handling behavior. The first, linear, kind of behavior occurs during driving well within the limit of adhesion where tire cornering characteristics remain within the linear range of operation. That is, cornering forces developed between the tires and the road surface remain proportional to the tire slip angles; consequently, at a given speed, the yaw rate remains approximately proportional to the steering angle, with only small delay, barely perceptible by the driver. The second, non-linear, handling behavior occurs when the vehicle approaches the physical limit of adhesion, and the tire forces no longer increase proportionally to the slip angles, and may saturate. At this point, the tire slip angles, and consequently also the vehicle slip angle, may increase quite rapidly without corresponding increase in lateral forces. In this nonlinear range of operation vehicle motion is characterized by significant lateral movement of at least some of vehicle tires with respect to the road surface. The vehicle becomes less responsive to the driver steering inputs, and vehicle handling behavior is less predictable.
Since the experience of most drivers is limited to driving within the linear range of vehicle handling behavior, it is generally considered desirable to reduce the difference between the normal vehicle behavior and that at the limit. This improves the chances of a typical driver to maintain control of the vehicle in emergency situations. This goal can be accomplished by active chassis control systems such as brake control systems [1, 2] or active rear wheel steer [3, 4] . The purpose of control is to bring the vehicle yaw rate response and/or the vehicle slip angle into conformance with the desired yaw rate and/or slip angle. To achieve this goal, vehicle actual response must be known. At present, vehicle side slip angle cannot be measured at a reasonable cost and has to be estimated, while the yaw rate sensor is still expensive relative to other system sensors.
Active chassis control systems are currently limited to a small number of vehicles. In order to make the benefits of these systems available to a larger group of customers, automakers are pursuing means of reducing the system cost without sacrificing any performance gains. One way to accomplish this goal is to reduce the number of sensors in the system and to replace the previously measured variables by estimates. In this paper, an algorithm is proposed for estimation of vehicle yaw rate and side slip angle, using sensors measuring steering wheel angle, wheel speeds and lateral acceleration, thus eliminating the need for a yaw rate sensor. The first estimate of yaw rate is derived primarily from the relative velocity of the undriven wheels, and the second is based on measured lateral acceleration. Confidence levels in each estimate are subsequently determined and are used to form the third estimate of yaw rate as a weighted average of the first and the second, with the weights proportional to the confidence levels. This estimate is supplied to a closed loop nonlinear observer [5, 6] which generates the final, improved estimate of yaw rate, as well as estimates of lateral velocity and side slip angle. The preliminary estimate of yaw rate is used as a "pseudo-measurement" to supply an additional feedback term to the observer. Parameters of the observer depend on the surface coefficient of adhesion, which is estimated primarily from lateral acceleration.
ALGORITHM DESCRIPTION
The estimation algorithm considered in this paper is intended for application in a front wheel drive vehicle with active brake control of front wheels. Since brake control systems are activated when vehicle response deviates from the desired response, which is usually based on the response of vehicle linear model to driver steering input, the estimation algorithm must reliably estimate the vehicle yaw rate and side slip angle in both linear and nonlinear operation ranges. In principle, the vehicle yaw rate can be estimated using kinematic relationships, either from the measured speed of undriven wheels [7] or from measured lateral acceleration. However, these estimates will be reasonably good only under restrictive conditions. For example, the estimates obtained from wheel speeds deteriorate severely during braking, especially during ABS activation. On the other hand, the estimate of yaw rate obtained from lateral acceleration is valid only during approximately steady-state conditions and can be further degraded by the effect of bank angle of the road.
Another way to estimate the vehicle yaw rate (and also slip angle) is to use a speed-dependent dynamic model of vehicle motion in the yaw plane, with steering angle as input. In this approach, the estimates tend to deviate from the actual values as a result of mismatch between the vehicle actual parameters and those used by the model, or the disturbances, such as unmodeled lateral forces and moments due to side wind or bank angle of the road. In order to minimize these effects, the model must include the feedback of the error signals, that is the differences between the measured signals and the ones predicted by the model, thus forming a closed loop observer [5, 6] . In addition, during operating close and at the limit of adhesion, tire forces, and consequently vehicle handling dynamics, are strongly affected by surface coefficient of adhesion. Since the road surface coefficient of adhesion may vary in a wide range (from about 0.1 on ice to 1.0 on dry concrete), it is necessary to include the effect of surface variation in the model (observer). The surface coefficient of adhesion therefore needs to be estimated.
The fundamental idea behind the algorithm described in this paper is to synthesize the three estimation approaches described above. The basic block diagram is shown in Figure 1 , which illustrates the major steps in the estimation process as described in the Introduction. In what follows, we briefly describe each of the major estimation blocks. The primary reason is that vehicle handling behavior at the limit depends strongly on the surface coefficient, which requires adaptation of both estimation and control algorithms to surface changes. For example, it is known that on slippery surfaces the vehicle slip angle must be controlled more tightly than on dry surface [1, 2] . With the sensor set typically used by vehicle stability enhancement systems, it is not possible to determine the surface coefficient of adhesion as long as the vehicle remains within the linear range of operation. In this range the tire lateral forces depend mainly on tire elastic properties (cornering stiffness) and not on the properties of the surface, thus the vehicle response to a given steering input remains nearly independent of the surface coefficient of adhesion. This makes it impossible to determine surface properties from measured vehicle response in the linear range. Only when the limit of adhesion is reached or approached, differences in vehicle responses on different surfaces arise, which can be detected by sensors. This is not a significant limitation, since the control system is activated only when the vehicle is beyond the linear range of behavior (there is no need for correction of vehicle yaw response in the linear range). Furthermore, knowledge of the surface coefficient is not necessary to achieve correct estimation in the linear range, because vehicle behavior is not significantly affected by surface coefficient.
When vehicle is at the limit of adhesion and in a steadystate turn, the surface coefficient of adhesion in lateral direction can be approximately determined from measured lateral acceleration as follows:
where a y is vehicle lateral acceleration and a ymax is the maximum lateral acceleration that vehicle can sustain on a dry surface. Whether the vehicle is in the linear range of handling behavior can be determined by comparing the vehicle's desired response and the actual or estimated response. Since the goal of vehicle stability enhancement systems is to force the vehicle to follow the driver steering commands, the desired values of yaw rate, slip angle and sometimes lateral acceleration are supplied by the vehicle controller. One way of computing the desired values is by using equations describing dynamics of a vehicle bicycle model in the yaw plane [8] .
By comparing the desired values with the measured or estimated values, the algorithm recognizes situations when the vehicle operates at or near the limit of adhesion and estimates the surface coefficient in the lateral direction from lateral acceleration. Since the expression (1) is valid only at steady state conditions, during quick transients the previous value of surface estimate is being held.
The measured lateral acceleration is filtered and corrected for the biases resulting from vehicle roll and bank angle of the road before it is used to calculate the estimate. When the vehicle is in a severe maneuver, the algorithm calculates the estimate of surface coefficient of adhesion from the magnitude of lateral acceleration only when the acceleration is close to its maximum value achieved at this surface; it holds the estimate at the previous value during quick transients, when the magnitude of lateral acceleration drops. When the maneuver is completed, the estimate returns to the default value of 1. This is illustrated in Figure 2 , which shows the surface estimate and the magnitude of lateral acceleration for a slalom maneuver performed on snow.
Figure 2. Surface Estimate in Slalom Maneuver on Snow
ESTIMATES OF YAW RATE FROM KINEMATIC RELATIONSHIPS -As discussed in the introduction, first estimates of yaw rate are determined from wheel speeds of undriven wheels and from lateral acceleration. Assuming that the undriven wheels are free rolling, the estimate of yaw rate is ordinarily computed as:
where v wl and v wr are circumferential speeds of left and right undriven wheels, t w is the track width and δ is the steering angle of undriven wheels. For a front wheel drive car without rear steer δ = 0. Since circumferential wheel speeds are determined by multiplying the measured rotational speeds by the dynamic radii of tires, compensation for differences in the radii such as due to loss of pressure must be included. In addition, during cornering maneuvers, outside tires are compressed and inside tires are extended; therefore outside wheels rotate faster and inside wheels slower than they would have if the tires had been rigid. The normal load transfer, ∆F z , for wheels of undriven axle can be approximately determined as
where η is the ratio of the roll moment resisted by the undriven axle to the total roll moment, M is vehicle mass, and h is the height of center of gravity above ground. The tire deformation in the vertical direction resulting from this load transfer is ∆r = ∆F z /k t where k t is tire stiffness in radial direction. Therefore the difference in wheel circumferential speeds, resulting from the load transfer alone is ∆v w = 2*∆r*(v x / r t ) = 2*η*M*h*a y *v x / (k t *t w *r t )
where r t is the tire rolling radius and v x is vehicle longitudinal speed. To compensate this additional difference, equation (2) is modified as follows:
Ω ws = (v wl -v wr -ε *a y *v x ) / (t w *cosδ)
where ε is a constant, whose approximate value is given by: ε = 2*η*M*h / (k t *t w *r t )(6)
and which may be further tuned using test data. In order to reduce the effect of noise and errors in the wheel speed data on the estimate of vehicle yaw rate, the estimate is further processed by filtering it, limiting its rate of change (yaw acceleration), and by limiting its magnitude to the maximum value. Since the maximum yaw acceleration depends on the maximum tire lateral forces, which in turn depend on the surface coefficient of adhesion, the upper limit of yaw acceleration depends on the estimate of surface coefficient of adhesion. Similarly, the upper limit of yaw rate depends on the surface coefficient of adhesion, vehicle speed and lateral acceleration.
The estimate of yaw rate from lateral acceleration is computed from the following relationship:
This relationship is valid only in essentially steady state maneuvers involving constant or slowly varying steering angle and vehicle speed. A more complete relationship between the yaw rate and lateral acceleration includes an unknown lateral velocity term as follows:
where v y is vehicle's lateral velocity. Therefore, the estimates of yaw rate from lateral acceleration generally deteriorate during quick transients.
CALCULATION OF CONFIDENCE LEVELS IN PRELIMINARY ESTIMATES -Calculation of initial esti-
mates of yaw rate from wheel speeds and lateral acceleration relies on certain assumptions. When conditions are detected which violate any of these assumptions, the confidence level in the corresponding estimate is reduced.
More specifically, it is assumed in calculation of the estimate from wheel speeds that the longitudinal slip of undriven wheels is negligible. Therefore detection of any operating conditions (such as braking) that could cause significant slip of these wheels results in reduction of the confidence level in the estimate. Information on vehicle braking is derived from a brake switch or brake pedal travel sensor when it is available. If it is not available, braking is detected by comparing the vehicle deceleration (estimated from vehicle speed) to a threshold value, and by comparing magnitudes of accelerations of both undriven wheels to threshold values. If any of them exceeds the corresponding threshold value, braking is assumed. The acceleration thresholds are set to ignore very light braking, as such braking usually does not cause significant deterioration of the estimate. Additionally, braking is assumed if anti-lock braking is active for either rear wheel. The confidence level is also reduced when the magnitude of the initial estimate exceeds a threshold value that is considered the maximum possible value at a particular speed and on the surface with estimated coefficient of adhesion. In addition, the confidence level is reduced when the vehicle travels at low speed, especially on slippery surface. The motivation here is that at very low speeds the resolution of wheel speed signals has a negative impact on the estimates, while slippery surface contributes to longitudinal slip of the wheels. Based on the considerations described above, the confidence level for the estimate based on wheel speed is selected from several pre-defined numerical values, which range from low to high.
The confidence level in the estimate obtained from lateral acceleration is high when the vehicle is approximately in steady-state conditions, and is low when it is in a quick transient maneuver. The evaluation of how close a given vehicle state is to steady state is done by calculating magnitudes of the derivatives of the desired and measured lateral accelerations. The vehicle is considered to be in steady state when the magnitudes of derivatives of measured and desired lateral accelerations are both below corresponding threshold values and when both accelerations have the same signs. Based on these rules, the confidence level in the estimate based on lateral acceleration is selected.
The preliminary estimate of yaw rate is computed as a weighted average of the estimates based on wheel speed and lateral acceleration, with the weights proportional to the corresponding confidence levels:
Ω ep = (CL ay * Ω ay + CL ws * Ω ws ) / CL tot (9)
Where CL tot = ( CL ay + CL ws ) is the total confidence level in the primary estimate.
OBSERVER -After a preliminary estimate of vehicle yaw rate is calculated, it is fed into an observer, which provides the final estimate of yaw rate and an estimate of lateral velocity. The observer is a simplified, nonlinear model of vehicle dynamics in the yaw plane, that depends on the estimated surface coefficient of adhesion and vehicle speed; it uses the measured steering angle, as well as measured lateral acceleration and the preliminary estimate of yaw rate as feedback signals. The feedback terms provide correction when the estimates deviate from actual values, preventing the estimates from diverging with time because of mismatch between the model and the vehicle and because of external disturbances. The observer parameters depend on the estimated surface coefficient of adhesion because the dynamic response of vehicle at or close to the limit of adhesion is strongly affected by the surface coefficient of adhesion.
The dynamics of a bicycle vehicle model in a horizontal plane can be described by the following equations:
where M is the vehicle mass, I zz is the vehicle moment of inertia about the yaw axis, δ f is the front wheel steering angle, F yf and F yr are the lateral forces of the front and rear axles, respectively. Equations (10) and (11) form the basis for the observer. An important step in the observer design is the modeling of lateral forces. These forces are functions of tire slip angles: they initially rise almost linearly with the slip angle, then curve and saturate when the limit of adhesion is reached, as graphically depicted in Figure 3 . The value of lateral force at the limit is approximately proportional to the surface coefficient of adhesion. Thus the lateral forces per axle depend primarily on the surface coefficient of adhesion and on the tire slip angles, which in turn depend on the vehicle lateral and longitudinal velocities, yaw rate and (in the case of front axle) on the steering angle. In order to provide feedback to the observer, the difference between the measured lateral acceleration and the acceleration predicted by the observer
and the difference between the preliminary estimate ("pseudo-measurement") and the final estimate of yaw rate.
are used. In the above and subsequent equations, the subscript e denotes estimated values. With these feedback terms, the closed loop observer has the following structure:
dv ye /dt = f 1 (δ f , v x , v ye , Ω e , µ e ) + g 11 *∆Ω + g 12 *∆a y (14) dΩ e /dt = f 2 (δ f , v x , v ye , Ω e , µ e ) + g 21 *∆Ω + g 22 *∆a y (15) where f 1 and f 2 are nonlinear functions of variables defined above and g ij (i, j = 1,2) are the observer gains. The terms, which do not involve the gains comprise an "open loop" dynamic model of vehicle (observer), although they depend on measured steering angle and estimated surface coefficient of adhesion. The gains, by which the error terms are multiplied, are selected to provide a balance between our confidence in the model and the measurements [5, 6] . If the model accurately describes the dynamics of the vehicle, but the measurements involve large errors, the gains should be small. On the other hand, if the measurements are precise but the model is crude, large gains should be selected to reflect increased reliance on the measurements. Since the preliminary estimate of yaw rate is used as a "pseudo-measurement", the gains g 11 and g 21 , associated with the corresponding error, depend on the confidence level in this estimate. The gains are carefully tuned to achieve consistently good performance and stability of the observer. Additional terms are added to the observer in order to maintain performance in special cases, such as when significant bank angle of the road is present.
After observer equations are solved, the vehicle slip angle is calculated from
where β is the slip angle.
TEST RESULTS
In order to demonstrate the validity of the concepts presented above, numerous tests were performed on three different front wheel drive vehicles on a variety of road surfaces, including dry asphalt and concrete, gravel, jennite, snow, and ice. Initial test runs were used to tune the parameters used in the algorithm, such as threshold values used in entry and exit conditions, confidence levels, observer gains, etc. It was found that during normal driving, without rapid steering changes and severe braking, when the vehicle remained in or close to the linear range of operation, the preliminary estimates were generally good; the estimates of yaw rate were further improved after using the observer, yielding very good performance in terms of final estimates of both yaw rate and slip angle. The estimation process becomes more difficult during limit handling maneuvers on slippery surfaces, especially when heavy braking is applied or when the vehicle is allowed to develop large slip angles. Under these conditions, the kinematic relationships used to generate the preliminary estimates brake down, and it is more difficult for the observer to produce the precise estimates. Since the proposed estimation algorithm is intended for use in brake based stability enhancement systems, which are activated only at or close to the limit of adhesion, it is necessary to recover the estimates in this non-linear range of operation. The estimates must be good enough to be useful in control. For these reasons the selected results presented here involve only typical limit handling maneuvers, in which an active brake control algorithm would be activated. Since the control algorithms typically use feedback of yaw rate and slip angle errors, which are the differences between the corresponding desired and measured/estimated values, in the test results discussed below, the desired values are plotted along with the measured and estimated values. This enables the reader to evaluate whether the results are sufficiently precise to be used in control. Figure 5 . Both estimates deteriorate slightly compared to the case without braking, but they can still provide good measures of errors used in control algorithm.
Reduction in the quality of estimates is caused mainly by deterioration in the yaw rate estimate obtained from wheel speeds and reduction in the associated confidence level, which reduces feedback to the observer. Figure 6 illustrates a J-turn maneuver performed on ice at 32 kph. This is a difficult maneuver from the estimation viewpoint, because of extremely slippery surface and low speed. Even though the estimate of slip angle is not very precise, both estimates give good measures of the errors used for control, because the desired values are much larger in magnitude than the measured and estimated values. . The estimate of yaw rate derived from wheel speed is noisy and is slightly biased in negative (left) direction, since the left, underinflated, wheel rotates faster than the right one. It also lags behind the measured yaw rate. The observer dramatically reduces all these effects -the final estimate is quite smooth, has virtually no bias and only minimal lag. 
CONCLUSION
In this paper an algorithm has been proposed which combines advantages of estimating vehicle yaw rate and slip angle from purely kinematic relationships with the estimation based on dynamic model of vehicle motion in the yaw plane. The algorithm was implemented and tested on various surfaces in limit handling maneuvers.
The results indicate that even in extreme maneuvers the results give good measures of deviations of yaw rate and slip angle from the desired values, which can be used for control. Initial tests indicate good robustness properties with respect to parameter variations, road roughness, bank angle of the road, and tire pressure difference. Further sensitivity studies, including sensor errors, must be conducted before robustness of the algorithm is fully established.
